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ABSTRACT: We demonstrate cascade manipulation between 
magic number gold-Fullerene hybrid clusters by channelling 
thermal energy into a specific reaction pathway with a trigger 
from the tip of a scanning tunnelling microscope (STM). The 
(C60)m-Aun clusters, formed via self-assembly on the Au(111) 
surface, consist of n Au atoms and m C60 molecules; the three 
smallest stable clusters are (C60)7-Au19, (C60)10-Au35, and (C60)12-
Au49. The manipulation cascade was initiated by driving the STM 
tip into the cluster followed by tip retraction. Temporary, partial 
fragmentation of the cluster was followed by reorganization. Self-
selection of the correct numbers of Au atoms and C60 molecules 
led to the formation of the next magic number cluster. This cas-
cade manipulation is efficient and facile with an extremely high 
selectivity. It offers a way to perform on-surface tailoring of 
atomic and molecular clusters by harnessing thermal energy 
which is known as the principal enemy of the quest to achieve 
ultimate structural control with the STM. 
Keywords: Cluster, self-assembly, atom manipulation, nanostruc-
tures, scanning tunneling microscopy, Fullerene. 
 
Clusters and nanoparticles of selected size, whether naked or 
ligated, have now become an important class of materials in a 
number of scientifically and technologically important areas.1-6 In 
most potential applications, clusters need to be deposited on a 
solid surface where they are electronically, optically or chemically 
integrated into a device. Thus the need for tailoring/processing of 
the clusters once they are on the support is obvious. Scanning 
probe microscopes (SPM), such as the scanning tunnelling micro-
scope (STM) and the atomic force microscope (AFM), with the 
capability of manipulating materials atom-by-atom7-13 are at least 
in principle powerful tools for on-surface tailoring of clusters. A 
major disadvantage of SPM-based techniques is that atom-by-
atom manipulation is intrinsically slow and in most cases has to 
be conducted at cryogenic temperatures. However, considerable 
progress has been made in recent years, such that multiple events 
can now be driven by a single trigger from the STM,14-20 making 
it a more practical manipulation tool. Nevertheless, operations 
performed by the STM are always in competition with thermal 
processes which can make single-atom/molecule-based STM 
manipulations unfeasible under important conditions, most no-
ticeably at room temperature (RT) because thermal energy tends 
to wipe out whatever is written by the STM. Most desirable for 
on-surface tailoring of clusters would be the ability to trigger an 
initial reaction with the STM which provokes the cluster to re-
organize using thermal energy. This way, the adverse effect of 
thermal energy is turned into a beneficial driver for STM-induced 
cluster/nanoparticle re-organization. Here we report such a pro-
cess, hybrid (C60)m-Aun clusters are selectively downsized from 
one magic number to another at RT with high efficiency and accu-
racy.  
The magic number (C60)m-Aun clusters were discovered recent-
ly21 when C60 molecules and Au atoms are allowed to interact on 
a Au(111) substrate. These clusters have a Au core in the shape of 
a regular two-dimensional Au island and a shell of C60 molecules 
with only certain combinations of m and n allowed. The (C60)m-
Aun cluster is stabilised by charge transfer from Au to the mole-
cule and van der Waals interaction among the molecules. The 
clusters are mostly located in the fcc region next to the elbow site 
although a small number of them are found in the fcc region at 
some distance away from the elbows. When we use the tip of the 
STM to extract one or two molecules from a cluster at RT, we 
find that the remaining molecules and atoms are able to respond 
collectively by self-selecting the correct number of molecules and 
atoms such that a new magic number cluster of one size smaller is 
assembled. The STM tip merely provides the initial triggering to 
disrupt the stable cluster, whilst the accurate and fast assembly 
process towards the formation of the new magic number cluster is 
completely in the hands of the atoms and molecules. The interac-
tion of C60 molecule with the Au(111) substrate has been studied 
rather extensively both in our laboratory22, 23 and by others,24-27 
providing a solid ground for the present investigation. 
Manipulation of the cluster is conducted by driving the STM tip 
into a C60 molecule as shown schematically in Figure 1. In reality 
the tip is likely to be covered by Au atoms. There is also the pos-
sibility that a C60 molecule becomes attached to the tip. We did 
not study how the manipulation process is affected by the tip 
state. A clean W tip is drawn in the diagram for simplicity. One of 
the molecules (green coloured C60) at the edges of the Au island is 
targeted.  The exact initial distance between the tip and the C60 
molecule is not known, but it is controlled by fixed tunnel param-
eters: –1.67 V sample bias and 47 pA tunnel current. The tip 
moves from its initial location towards the surface by 1.2 nm and 
then returns to its starting position. The complete journey takes 
12.8 ms. Contacting C60 molecules by the STM tip has been thor-
oughly investigated previously,28-30 and it was demonstrated that 
 by following how the current changes as a function of tip-surface 
distance, the point of contact between the tip apex and the mole-
cule on the surface can be accurately defined. Based on the find-
ings of Schull et al, 28 and the set point of –1.67 V sample bias 
and 47 pA tunnel current used in our experiment, we estimated 
that in our study the distance travelled by the STM tip before 
reaching contact with C60 is ~0.5 nm. This estimation, however, 
involves a large uncertainty. An independent way of obtaining the 
initial tip height is given in the supporting information.31 The total 
displacement of 1.2 nm of the tip suggests that the tip apex nearly 
reached the Au(111) substrate during approach. The tip is there-
fore physically inserted into the space between neighboring mole-
cules. This is consistent with the observation of laterally displaced 
C60 molecules when manipulation is performed at 110 K (Figure 
S1, supporting information31). Before we attempted to manipulate 
the (C60)m-Aun clusters, a large number of experiments had been 
conducted on extended C60 monolayers to find out the best condi-
tion for extracting C60 molecules. It is found that the vertical dis-
tance travelled by the STM tip has a strong influence on the num-
ber of molecules removed. 31 It is not possible to extract C60 mol-
ecules if the distance travelled by the STM tip is shorter than 1.2 
nm. Two or three molecules can be extracted if the distance trav-
elled is between 1.6 and 1.8 nm. However, with the distance trav-
elled by the tip greater than 1.4 nm, there is evidence that the tip 
touches the Au(111) substrate leading to local damage. To manip-
ulate the cluster, we move the tip by 1.2 nm which is found to be 
the optimal condition for cleanly displacing a single molecule 
with a high (80%) success rate. This success rate is evaluated 
from more than 200 independent manipulation events. Once the 
tip returns to its initial height after the manipulation event, it scans 
the cluster under normal imaging conditions so that any changes 
brought to the cluster can be revealed by directly comparing the 
images before and after the man-ipulation event. Figures 1(b) and 
(c) illustrate the transformation from (C60)12-Au49 to (C60)10-Au35, 
a process which has been successfully conducted as described in 
the following section. 
STM images shown in Figure 2 demonstrate the cascade ma-
nipulation of (C60)m-Aun clusters. In Figure 2a there is a typical 
(C60)12-Au49 cluster with three molecules sitting above a Au island 
and nine molecules sitting around the edges of the Au island.21 In 
Figure 2b, the tip scans upwards and stops at the point highlighted 
by a green dot where the tip moves vertically down towards the 
molecule by 1.2 nm. It then withdraws and continues to scan to 
complete the whole frame. The discontinuity of the image mani-
fested by a sudden offset of the molecules to the right hand side 
after the manipulation is a clear sign of the reorganisation of the 
cluster. Although Au atoms are covered by the molecules and 
hence not directly visible in the images, their movements can be 
identified by following the positions of the “bright” molecules. 
This is because there are a layer of Au atoms sandwiched between 
the Au(111) substrate and the bright C60 molecule. A second dis-
continuity in the image (offset to the left), Figure 2b, registers 
further gross movement of the molecules and the associated Au 
atoms without deliberate intervention of the STM tip. As will be 
shown later, thermally induced cluster transformation can take 
place in the absence of a deliberate STM trigger, albeit with a 
very low probability at room temperature. We have noticed that 
once a cluster is disturbed by the STM trigger, it exhibits a higher 
level of activity within about 10 seconds before settling down. 
During this short window of high activity, the cluster is seen to 
adjust its location/shape. It is not clear though what controls this 
active period of time. The movement of the molecules occurs 
within a much shorter time scale than the time taken for a single 
scan line. When the tip comes back to scan the cluster again, it 
finds a new stable cluster shown in Figure 2c. The newly formed 
cluster is a (C60)10-Au35 magic number cluster.21 Thus, the (C60)12-
Au49 cluster has transformed into a (C60)10-Au35 cluster by loosing 
two C60 molecules and fourteen Au atoms. One of the two mole-
cules is removed by the STM tip during the initial triggering 
event. It is not known if Au atoms are also removed during the 
triggering process, and if so, how many are removed. Without the 
deliberate manipulation by the STM tip, the magic number clus-
ters show rather high stability at room temperature. Only occa-
sionally, once every few hours e.g., a cluster is observed to 
change from one orientation to another due to pure thermal activa-
tion. No thermally induced downsizing of clusters is ever ob-
served at room temperature. At high enough temperatures, >420 
K, all magic number clusters become unstable and disintegrate 
completely without selectivity. 
Further manipulation can be performed on the newly formed 
(C60)10-Au35. Figure 2d-f shows the transformation of this (C60)10-
Au35 cluster into a (C60)7-Au19 cluster. The (C60)7-Au19 cluster is 
the smallest stable hybrid cluster.21 If a C60 molecule is removed 
from (C60)7-Au19, complete fragmentation of the cluster will take 
place. Transformation from (C60)10-Au35 to (C60)7-Au19 involves 
the removal of three C60 molecules and sixteen Au atoms. Again, 
one of the three removed molecules is displaced by the tip during 
the triggering step. In Figure 2e, a rapid change, within the time 
for a single scan line occurs after the trigger is applied giving rise 
to a typical discontinuity of the recorded image. Upper part of the 
image after the discontinuity line already shows the sign of a 
(C60)7-Au19 cluster. The full structure of the (C60)7-Au19 cluster is 
revealed in Figure 2f. A number of STM images taken in between 
Figure 2e and f show that the (C60)7-Au19 cluster remains quite 
“active” after it is formed and it takes a relatively long time before 
it settles down (Figure S4, supplementary information31). The 
cluster seems to have rotated with the close-packing direction of 
the (C60)7-Au19 cluster different from that of its parents and grand-
parents by 30o. This cannot be fully explained with the model we 
proposed21 and requires some further investigation.   
Data shown in Figure 2 leads to the following conclusion. 
When a C60 molecule is removed from the edge of a magic num-
ber (C60)m-Aun cluster, the cluster spontaneously reorganises to 
form another magic number cluster one size smaller. The for-
mation of the smaller magic number cluster, (C60)p-Auq,  requires 
an exact combination of p and q. Hence some Au atoms and C60 
molecules become redundant and are released. At room tempera-
ture, the released atoms and molecules, unable to form a stable 
structure of their own, diffuse away to surface steps. Although an 
exact combination of p and q is required to form a new stable 
cluster, this requirement is fulfilled by the work of the molecules 
and atoms. In the cascade manipulation steps shown in Figure 2, 
the accuracy of the STM trigger is controlled to remove one C60 
molecule.  There is no need for the STM tip to remove an accurate 
number of Au atoms from the starting cluster. The cluster is able 
to keep the correct numbers of Au atoms as well as C60 molecules. 
The STM tip is there to trigger the cluster transformation, and it 
seems that this trigger does not have to be error free.  
Cascade manipulation of the (C60)m-Aun cluster as described 
above depends on the location of the STM trigger. If the trigger is 
applied to a C60 molecule sitting above the Au island, rather than 
one at the edge, the cluster remains stable after one molecule is 
removed, as demonstrated in Figure 3. Here we have a (C60)14-
Au63 cluster in Figure 3a. Four molecules sit above a 63-Au atom 
island. In Figure 3b, an STM trigger is applied resulting in the 
removal of a C60 molecule. The molecules sitting at the edges of 
the Au island are not affected by this trigger. The Au island, under 
the protection of the ten molecules at the edges, keeps its integri-
ty. Figure 3c shows that the initial vacancy created becomes filled 
when the C60 below the vacancy moves up. Figures 3d-f shows 
another operation on a different (C60)14-Au63 cluster. Figure 3e 
clearly shows that the vacancy created by the trigger is filled with-
 in ~seconds by the molecule from below. The vacancy is mobile 
at RT and it can be filled by any of the two nearest neighbor 
“bright” molecules.31 Once a vacancy is created, removal the re-
maining three “bright” molecules become much more difficult. 
The approaching STM tip causes lateral movement, rather than 
extraction, of the remaining molecules. This further suggests that 
the initial ejection of the C60 molecule is due to tip-induced com-
pression, i.e., the molecule is squeezed out. The Au island seems 
to be stable as long as the step edges of the island are protected by 
the molecules. The vacancy, albeit mobile, does not diminish. 
This suggests no loss of Au atoms when the vacancy is created.  
As mentioned before, with 1.2 nm distance of tip approach, the 
probability that a single C60 molecule is removed from the cluster 
is 0.8. Even when no molecule is removed from the cluster, the 
cluster can still change as shown in Figure 4. Here a trigger is 
applied to a molecule on the side of a (C60)12-Au49 cluster. This 
time, no molecule is removed from the cluster. However, the clus-
ter has undergone significant changes. Comparing the images in 
Figure 4a and c, the cluster seems to have flipped upside down. 
This “flipping” occurs immediately after the triggering event as 
shown in Figure 4b. It happens at a much faster time scale than 
what the STM can follow. 
The (C60)12-Au49 cluster has retained its integrity following the 
STM trigger. The flipping of the cluster indicates a significant 
level of mass movement within the cluster. Obviously, the cluster 
is unable to stand up collectively and flip. It is more likely that the 
initial trigger has momentarily disrupted the cluster. A complete 
re-organisation of molecules and atoms then takes place. The 
clusters in Figure 4a and that in Figure 4c are two equivalent con-
figurations. Sometimes, we observe cluster rotation at room tem-
perature without the intervention of the STM. Figure 5 shows how 
a (C60)10-Au35 cluster changes between its equivalent configura-
tions at room temperature without intervention of the STM tip. 
Again, the cluster is not a rigid object that rotates like a rod. In-
stead, the “rotation” is likely facilitated by a minor disintegration 
of the cluster followed by re-assembly. Interestingly, during the 
short period when the cluster is in its disintegrated state, there is 
sufficient attraction among the constituent atoms/molecules that 
prevent the loss of atoms or molecules. Temperature-induced 
cluster transformation without the intervention of the STM tip 
occurs only occasionally. The (C60)10-Au35 cluster shown in Fig-
ure 5, for example, is observed to change one or twice within a 
duration of one hour at room temperature. This change has a sta-
tistical nature and is probably due to thermal fluctuation within 
the cluster. In the absence of the STM tip The stability of the 
(C60)m-Aun cluster is expected to be size-dependent with larger 
clusters more stable. The smallest clusters, (C60)10-Au35 for exam-
ple, are under dynamic equilibrium at room temperature. The 
molecular shell seems to be relatively stable apart from the types 
of changes as shown in Figure 5. The state of the Au atoms within 
the metal core is less clear. It is highly likely that the Au island 
fluctuates about its most stable form at room temperature. This is 
not surprising considering that bare Au clusters of a few tens of 
atoms in size readily fragment at temperatures above 230 K as 
observed in this study. 
Theoretical simulations are performed to estimate the stability 
of the magic number cluster on the cascade process, as shown in 
Figure 6. We start with the magic number cluster (C60)12-(Au)49 
and gradually take C60 molecules and Au atoms away from it. We 
calculate the energy corresponding to each configuration. Our 
calculation shows that the initial cluster is the most stable. A sig-
nificant amount of energy is required to remove a C60 molecule to 
reach configuration (b). Once the “shell” of the cluster is broken, 
subsequent removal of more C60 molecules requires less ener-
gy/per molecule. The transformation from configuration (c) to (d) 
involves little energy change indicating this can happen spontane-
ously. The small fragment in (e) with two C60 molecules and 14 
Au atoms is expected to be moving away to join other molecular 
islands. That would lead to some energy reduction which is not 
included in the calculation. The relative high energy required to 
break a stable cluster by removing a single molecule is consistent 
with the experimentally observed high stability of the magic num-
ber clusters. This also gives an explanation as why a magic num-
ber cluster, when broken by external forces, spontaneously trans-
form to another magic number cluster. During experiments, the 
energy required to break up the magic number cluster is provided 
by the STM tip. MD calculations are also performed to simulate 
the evolution of the magic number clusters (Figure S7, supple-
mentary information31).  
Cascade manipulation of (C60)m-Aun is a good example demon-
strating the power of combining self-assembly with atom manipu-
lation. The cluster is kept under the threshold of its thermal stabil-
ity, and a single trigger from the STM tip is able to switch on a 
self-constructive process to reshape the cluster. Without the trig-
ger from the STM tip, the cluster is not able to down size itself 
under thermal activation. In fact, if thermal activation is provided 
alone, the clusters simply fall apart. The trigger provides the 
pathway to perturb the cluster without giving the cluster too much 
energy to go over the barrier for decomposition. Thermal effects 
always play an important role in STM-induced processes. 32, 33 We 
have demonstrated here that thermal energy can be selectively 
channelled into a specific reaction process for nano-processing.  
The trigger we apply to initiate cascade manipulation is easily 
controlled and it leads to a high success rate. Nevertheless, the 
mechanism of extracting the very first C60 molecule from the 
hybrid cluster by the STM tip is worthy of some discussion. There 
is a wealth of information on the manipulation of C60 molecules 
using the STM tip.34-36 Thermal decomposition can take place if 
the heating power due to the tip-sample current exceeds a certain 
threshold.34, 35 Thermal decomposition is unlikely to occur in our 
experiments where the power dissipation is low, and moreover, 
we were able to extract molecules with zero sample bias, hence 
ruling out the electric field as the major contribution. Our obser-
vation indicates that a simple repulsive interaction is responsible 
for the displacement of the C60 molecule. When the tip moves 
towards the cluster, it forces its way in by displacing molecules 
sideways and occupies the space vacated by the molecule. When 
the tip withdraws, the displaced molecule may return to the bro-
ken cluster. If the molecule has already moved a long distance 
away from the cluster before the withdrawal of the tip, it will 
become permanently separated from the cluster. If the trigger is 
applied to a molecule sitting on top of the Au island, the molecule 
may get pushed over the step edge of the island. Since the step 
edge is already fully decorated by C60 molecules, this will result 
in one molecule being squeezed out of the cluster. Such a lone 
molecule attached weakly to the outer perimeter of the molecular 
shell of the cluster can be evaporated off easily around room tem-
perature.21 
With the rapid development in high-resolution atomic force mi-
croscopy (AFM), progress has been made recently in atom ma-
nipulation with the AFM.15, 36 The advantage of the AFM is that 
manipulation can be conducted readily on insulating substrates. 
The manipulation of the (C60)m-Aun clusters described herein 
relies on the contact force between the STM tip and the mole-
cules, so the technique can be extended to insulating surfaces with 
the AFM.  The combination of a localised triggering event with 
thermal activated self-assembly has great potential as a practical 
technique for precision engineering at the nanometer scale.  
In conclusion, cascade manipulation of magic number (C60)m-
Aun clusters triggered by the STM tip is an efficient and accurate 
method for down-sizing the clusters. Instead of operating on an 
atom-by-atom or molecule-by-molecule basis, the STM tip is 
 required to produce the initial trigger that disrupts the cluster. 
Then, the cluster takes over the re-organizational duties and 
evolves into a new cluster of well-defined composition and shape. 
In contrast to atom-by-atom assembly, which generally requires 
low temperature in order to suppress thermal agitation, cascade 
manipulation takes full advantage of thermal energy by convert-
ing it into useful work at the nanoscale.  
Methods. The substrate is a (111) oriented thin film of gold 
deposited onto highly oriented pyrolytic graphite (HOPG) by 
thermal evaporation of Au in a BOC Edward 306 evaporator. 
During deposition, the HOPG sample is kept at 493 K. The thick-
ness of the Au film is ~300 nm measured using a quartz crystal 
microbalance. The Au film is transferred into an ultra-high vacu-
um (UHV) chamber where the STM is located. Once inside the 
UHV chamber, the sample is treated by many cycles of Ar+ ion 
bombardment and thermal annealing to 1000 K to provide large 
flat atomic terraces for in situ growth of (C60)m-Aun clusters. An 
Omicron variable temperature STM (VT-STM) with electrochem-
ically polished W tip is used for imaging and manipulation of 
(C60)m-Aun clusters.   
To obtain hybrid (C60)m-Aun clusters at room temperature, 
~0.04 monolayer (ML) of C60 molecules is deposited onto the 
Au(111) sample which is kept at 110 K. This is followed by the 
deposition of ~0.04 ML of Au atoms. Both the C60 molecules and 
the Au atoms move to the elbow sites on the herringbone recon-
structed Au(111) surface. Upon annealing to room temperature, 
self-assembled (C60)m-Aun clusters are found to form at the elbow 
sites. The order of deposition can be reversed, with Au deposited 
before C60 without affecting the final outcome. 
Simulation methods. The model is built with a 20 × 20 super-
cell of Au(111) surface containing three atomic layers, with ad-
sorbing Au island and C60 molecules on one side of the slab. The 
atoms in Au clusters are all adsorbed at the face-centered cubic 
(fcc) sites on the Au(111) surface. The size of the supercell is 
about 57.7 Å × 50.0 Å × 40 Å. The molecular dynamics (MD) 
simulations are performed in NVT ensemble based on Nosé-
Hoove thermostat at various temperatures in different timescales. 
For the MD simulations, the COMPASS force field is employed 
to investigate the interactions between C60 molecules and Au is-
lands. The time step of 2 fs is used in all simulations. In the relax-
ation, the Au slab is frozen, while all C60 molecules and Au atoms 
in clusters are fully relaxed. 
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Figure 1: Schematic of the manipulation experiment. (a) The tip is located directly above a pre-selected molecule (green colored C60) at 
the edge of a cluster. It then moves towards the molecule by 1.2 nm. This is sufficient to detach the molecule from the cluster. A clean W 
tip is illustrated in the diagram although in reality the tip is likely to be coated with Au atoms. (b) As the tip withdraws, the displaced mol-
ecule either diffuses away or becomes attached to the tip. Green colored spheres represent first layer Au atoms that are in direct contact 
with C60 molecules. (c) The remaining atoms and molecules within the broken cluster re-organize to form a new magic number cluster by 
releasing excess C60 molecules and Au atoms. 
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Figure 2: Tip-triggered cascade cluster transformation. (a-c) Transformation from (C60)12–(Au)49 to (C60)10−(Au)35. (d-f) Transformation 
from (C60)10−(Au)35 to (C60)7−(Au)19. Green dots in (b) and (e) indicate the locations where the tip is driven toward the C60 molecule. 
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Figure 3: Single molecule extraction. (a-c) STM images showing the consequence of applying the manipulation trigger on a C60 molecule 
sitting above the Au island. The cluster here is (C60)14−(Au)63. (d-f) Similar manipulation performed on another (C60)14−(Au)63 cluster. (b) 
and (e) Green dots indicate the locations where the triggers are applied. Green curved arrows indicate vacancy filling by diffusing C60 mol-
ecules. 
 
Figure 4: Tip-triggered rotation of a cluster. (a-c) STM images showing the flipping of a (C60)12−(Au)49 cluster triggered by the STM tip. 
(b) Green dot indicates where the trigger is applied. The molecule targeted by the tip has not been removed. The cluster collectively chang-
es its orientation. 
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Figure 5: Flipping of a (C60)10−(Au)35 cluster at room temperature without the application of an STM trigger. Image in (b) is taken 50 
minutes after the image in (a). (c) and (d) The same images of (a) and (b), respectively, shown with enhanced contrast so that the locations 
of the clusters relative to the elbows of the herringbone reconstruction become visible. 
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Figure 6: Calculated configurations and relative energies for disrupting a magic number (C60)12-(Au)49 cluster. (a) Top view of a perfect 
magic number (C60)12-(Au)49 cluster. (b) Top view of the configuration in which a C60 molecule is pulled away (green colored C60).  (c) Top 
view of the configuration in which two C60 molecules and four Au atoms are pulled away. (d) Top view of the configuration in which two 
C60 atoms and 14 Au atoms are pulled away, and the formation of a new magic number (C60)10-(Au)35 cluster. (e) The plot of relative total 
energies as functions of the configurations from (a) to (d). All energies are relative to the total energy of the configuration in (a). 
 
 
 
 
 
 
 
 
11 
 
TOC graphic 
 
 
